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1. ABSTRACT
It is becoming increasingly clear that
neurological diseases are multi-factorial involving
disruptions in multiple cellular systems. Thus, while
each disease has its own initiating mechanisms and
pathologies, certain common pathways appear to
be involved in most, if not all, neurological diseases.
Thus, it is unlikely that modulating only a single
factor will be effective at either preventing disease
development or slowing disease progression. A better
approach is to identify small (< 900 daltons) molecules
that have multiple biological activities relevant to the
maintenance of brain function. We have identified an
orally active, novel neuroprotective and cognition-
enhancing molecule, the flavonoid fisetin. Fisetin
not only has direct antioxidant activity but it can also
increase the intracellular levels of glutathione, the major
intracellular antioxidant. Fisetin can also activate key
neurotrophic factor signaling pathways. In addition, it
has anti-inflammatory activity and inhibits the activity
of lipoxygenases, thereby reducing the production of
pro-inflammatory eicosanoids and their by-products.
This wide range of actions suggests that fisetin has the
ability to reduce the impact of age-related neurological
diseases on brain function.
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2. INTRODUCTION

By far the major risk factor for Alzheimer’s
disease (AD) as well as other neurological diseases
as well as stroke is old age (1). Currently, there are
no disease-modifying drugs for any age-associated
neurological diseases or stroke. This is at least in part
due to the fact that the vast majority of age-associated
neurological diseases arise from a confluence of
multiple toxic insults to the brain that accumulate during
normal aging and interact with lifestyle, environmental
and genetic risk factors with varying degrees of
penetrance. For example, although AD is defined
in terms of plaque and tangle pathology, it is most
frequently associated with other detrimental events
such as microvascular damage and inflammation (2).
Therefore, it is unlikely that hitting a single target will
result in significant benefits to patients with AD (3).
This conclusion has been largely born out by the
failure of numerous clinical ftrials for single target
drugs in AD (4). Nevertheless, current drug research
efforts continue to be almost exclusively focused on
single protein targets and the identification of small
molecules (low molecular weight (<900 daltons) organic
compounds) that can modulate these targets with high
affinity (2).
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Figure 1. Structure of fisetin.

Table 1. Mechanisms of action of Fisetin and their
potential relevance to neurological diseases

Potential disease relevance

AD; HD; stroke; diabetes

Mechanism of action

Antioxidant and chelating activity

Maintenance of GSH AD; stroke; diabetes

Neurotrophic factor signaling pathways |AD; HD; depression

Regulation of the innate immune AD; stroke; diabetes

response

Modulation of protein aggregation and |AD; HD
stability

Among the toxic insults that have been
identified as contributing to the age-related decline in
brain function are increases in oxidative stress, loss of
trophic support, accumulation of protein aggregates,
dysfunction of the neurovascular system and immune
system activation (5). Given this multiplicity of insults
and the strong possibility that the relative importance
of each of these factors will vary among individuals, it
may be necessary to use combinations of drugs directed
against different targets. However, this approach is
subject to a number of potential problems including
pharmacokinetic and bioavailability challenges which in
central nervous system (CNS) diseases are exacerbated
by the difficulty of getting multiple compounds across the
blood brain barrier and the potential for adverse drug-
drug interactions. A better approach is to identify small
molecules that have multiple biological activities that can
impact the multiplicity of insults that are associated with
the age-associated toxicity pathways that contribute to
disease development and progression.

One excellent source for these small molecules
is the original pharmacopeia, plants. The polyphenolic
flavonoids are widely distributed in fruits and vegetables
and therefore regularly consumed in the human diet
(for reviews see 6, 7, 8). Flavonoids were historically
characterized on the basis of their antioxidant and
free radical scavenging effects. However, more recent

studies have shown that flavonoids have a wide range of
activities that could make them particularly effective for
blocking the age-associated toxicity pathways associated
with neurodegenerative diseases. In this article, | will
focus on the flavonol fisetin (Figure 1) that has been
found to have therapeutic efficacy in multiple animal
neurological disease models including AD, Huntington’s
disease (HD), stroke, depression and the neurological
complications of diabetes. | will first discuss these and
other recent in vivo studies with fisetin in animal models
of neurodegenerative diseases and then address the
multiple signaling pathways that are targeted by fisetin
and are likely to contribute to its efficacy in these disease
models (Table 1).

3. BACKGROUND

Fisetin was originally identified in a screen for
compounds that could prevent oxidative stress-induced
nerve cell death (9). Of the ~30 flavonoids tested in this
study, only two, fisetin and quercetin, were able to maintain
GSH levels in the presence of oxidative stress, indicating
that this is not a common property of flavonoids. Further
studies showed that fisetin also possessed neurotrophic
activity, promoting the differentiation of PC12 cells via
activation of the Ras-ERK cascade (10). Again, this
was a property that distinguished fisetin from almost
all of the other ~30 flavonoids tested. Only quercetin,
isorhamnetin and luteolin showed some differentiation-
inducing activity and they were all much less effective
than fisetin. Together, these observations suggested that
fisetin had multiple properties that might make it useful
for the treatment of age-related neurological diseases.

Unlike many of the better-studied flavonoids
such as quercetin and luteolin, fisetin is not particularly
abundant in fruits and vegetables. The highest levels
(160 pg/g) are found in strawberries (11) with 5-10 fold
lower levels in apples and persimmons. Small amounts
are also found in kiwi fruit, peaches, grapes, tomatoes,
onions and cucumbers (12). The bioavailability of fisetin
from these sources has not yet been studied.

Fisetin is currently marketed in the US by several
nutraceutical companies either alone in 100 mg capsules
or in combination with other natural products. The
indications for use include the promotion of cognition, the
maintenance of brain health and the support of healthy
aging.

4.IN VIVO EFFECTS OF FISETIN ON THE CNS

4.1. Fisetin and Alzheimer’s disease (AD)
Alzheimer’s disease is the most common type
of dementia. It is characterized pathologically by the
presence of both extracellular neuritic plaques containing
amyloid beta (AB) peptide and intracellular neurofibrillary
tangles containing tau (13). Clinically, AD results in a
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progressive loss of cognitive ability and eventually daily
function activities (14, 15). Current approved therapies
are only symptomatic, providing moderate improvements
in memory without altering the progression of the
disease pathology (16, 17). To test the idea that oral
administration of fisetin could prevent the behavioral
and pathophysiological changes associated with AD,
APPswe/PS1dE9 double transgenic AD mice, a model
of the familial form of AD, were used (18). These mice
show significant Ap plaque deposition by 8-9 months of
age as well as clear cognitive impairment (19) (20). It was
first asked whether fisetin could reduce the behavioral
changes associated with AD. Two groups each of wild
type and AD mice were used for these studies. Fisetin
was fed to one set of wild type and one set of AD mice
between the ages of 3 and 12 months in their food
at 0.05%, resulting in a daily dose of approximately
25 mg/kg body weight. This dose of fisetin was chosen
based on earlier studies on fisetin and cognitive function
in mice (21).

Learning and memory were tested using the
Morris water maze (MWM) when the mice were 9 months
of age and then the memory testing was repeated in a
2-day version of the water maze (WM) at 12 months. The
MWNM is a test of spatial learning and is strongly correlated
with hippocampal synaptic plasticity (22). It can be used
to assess both learning and memory deficits. In the
standard test, the mice are required to find a submerged
platform in a circular pool of opaque liquid (usually water
with non-toxic white paint added) by relying on distal
visual cues. Typically, they are given 4 trials/day over a
period of days and the time required for the mouse to find
the platform (latency) is recorded. 24 hr after the end of
this acquisition phase, the mice are placed back in the
pool but in this case the platform is no longer present.
They are given a single, one min trial (probe test) and
the amount of time that they spend in the quadrant in
which the platform was previously located relative to
the time that they spend in the other three quadrants is
recorded. At 9 months of age, wild type mice showed
decreased times to find the hidden platform over the
5 days of the acquisition phase of the MWM (Figure 2A).
Fisetin had no significant effect on the behavior of the
wild type mice in the acquisition task. In contrast, the AD
mice showed very little learning over the 5 days of the
acquisition task while the fisetin-fed AD mice behaved
almost indistinguishably from the wild type mice in this
task (Figure 2A). In the probe test (Figure 2B), which
specifically assays memory, the wild type mice and the
wild type mice fed fisetin both showed significant recall of
the platform quadrant spending greater than 25% of their
time in this quadrant. In contrast, the AD mice showed no
indication of memory, spending only 16% of their time in
the platform quadrant. Since the platform quadrant is on
the opposite side of the tank from where the mice enter,
it is not surprising that they spend less than 25% of their
time in this quadrant. However, the AD mice fed fisetin
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showed clear evidence of memory improvement. Fisetin
had no effect on swim speeds.

Since AD is a progressive disease, the mice
were tested again at 12 months to determine if fisetin
continued to reduce memory deficits. Since previous
studies in my laboratory had indicated that the MWM could
not be repeated on the same set of mice, we used an
alternative version that only tests memory and addresses
some of the confounding factors that arise when testing
older mice in the MWM (23). In the 2-day WM, on day
1 the mice are trained to find a visible platform using
4 trials. All of the mice, regardless of genotype or diet,
were able to find the visible platform within 30 sec by
the last visible trial (Figure 2C). This result indicated that
neither the genotype nor the diet affected the animals’
ability to swim or to locate the visible platform. Thus, any
impairment in spatial memory seen with the 2-day WM
reflects a cognitive deficit and not a lack of motivation
or visual function. 24 hr after the final visible platform
trial, the mice were tested in the same tank but with the
platform hidden. As shown in Figure 2C, the escape
latency of the AD mice was significantly longer than that
of the wild type mice, similar to what was reported for
triple transgenic AD mice (23). In contrast, the escape
latency for the AD mice fed fisetin was indistinguishable
from that of the wild type mice.

Another characteristic of AD is social
disinhibition that can result in inappropriate behavior
in AD patients. The elevated plus maze (EPM), a
rodent model of anxiety, is often used as a measure
of disinhibition in mice (24). The AD mice used in this
study were previously shown to exhibit increased time
in the open arms in the EPM that was interpreted as
indicative of disinhibition (25). As shown in Figure 2D, the
AD mice spent significantly more time in the open arms
than the wild type mice. This behavior was reversed in
the AD mice fed fisetin. In summary, the fisetin-fed AD
mice showed clear improvements in both cognitive and
neuropsychiatric behavior.

Cholinergic neurons are among the first to be
lost in AD (26, 27) and acetylcholine is the therapeutic
target for most FDA approved drugs for AD (28, 29).
Scopolamine-induced memory impairment in rodents is
a well-established model of memory dysfunction based
upon acetylcholine metabolism (30). The available
data suggests that reversal of scopolamine-induced
cognitive impairment is a suitable model for predicting
pharmacodynamic signals of cognitive enhancing
compounds in animals (31). The acetylcholinesterase
inhibitor, donepezil (Aricept), which improves cognition
in AD, reverses the cognitive impairment induced by
scopolamine in both humans and animals (32, 33).
A recent study (34) tested the ability of fisetin to prevent
scopolamine-induced memory impairment in mice. A
single oral dose of 40 mg/kg body weight of fisetin was
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Figure 2. Fisetin maintains learning and memory in AD mice. (A) Performance of the mice during the acquisition phase of the MWM test. 9 month-old AD
mice failed to learn the task over the 5-day testing period whereas fisetin-treated AD mice learned to locate the submerged platform. (B) Performance
of the mice during the memory phase of the MWM test. AD mice did not spend a greater than random percentage of their time in the quadrant where
the submerged platform was previously located whereas fisetin-treated AD mice spent greater than random amounts of time in the platform quadrant.
(C) Performance of 12 month old mice during the 2-day MWM test. Although all the mice learned to find the visible platform on day 1, the AD mice did not
remember where the platform was located when it was submerged on day 2 whereas fisetin-treated AD mice did remember. (D) 12 month old AD mice
spend more time in the open arm of the elevated plus maze, an indicator of disinhibition, as compared with fisetin-treated AD mice. Data represent means
+ SD, n = 9-12 per group. Analysis by one-way ANOVA followed by Tukey Kramer multiple comparisons post hoc test. * p < 0.05 and ** p < 0.01 relative

to control non-Tg mice. (Reproduced with permission from 18).

as effective as donepezil at rescuing the memory deficit
induced by scopolamine as determined using the passive
avoidance test. In this test, animals learn to associate an
aversive stimulus with a specific environmental context.
A two chamber apparatus is used where one chamber
is dimly lit and therefore preferable to the mice and the
other chamber is brightly lit. During training, the animal
is placed in the brightly lit chamber and upon entry into
the dimly lit chamber is exposed to a mild foot shock. 24
hr later the mice are returned to the brightly lit chamber
and the latency to enter the shock-paired, dimly lit
compartment is measured. Animals that remember the
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task show a much higher latency to enter the shock-
paired, dimly lit chamber. These results provide further
support for the idea that fisetin could be useful for the
treatment of AD.

4.2. Fisetin and Huntington’s disease (HD)
Huntington’s disease is a late onset, progressive
and fatal neurodegenerative disorder for which there
is, at present, no cure. It is caused by an expansion
of a trinucleotide repeat that encodes an abnormally
long polyglutamine tract in the huntingtin protein. The
identification of the disease-causing mutation has allowed
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Figure 3. Fisetin treatment decreases motor impairment and mortality
in R6/2 mice. R6/2 mice on 0.0.5% fisetin or control diet (n = 15) were
monitored for (A) rotorod performance and (B) mortality. Fisetin improved
rotorod performance at 9, 11 and 13 weeks (p < 0.01) and survival (p
< 0.05) (Unpaired t test). (Reproduced with permission from 39).

the development of a number of cellular and animal
models of HD and these have been used to elucidate
the mechanisms underlying disease development and
progression (for reviews see 35, 36-38). Fisetin was
tested in several different models of HD including PC12
cells expressing mutant huntingtin exon 1 under the
control of an inducible promoter and the R6/2 mouse
model of HD (39).

To begin to test for a possible protective role
of fisetin in HD, an ecdysone-inducible PC12 cell line
(PC12/HttQ1O3) containing the huntingtin protein exon
1 fused to EGFP (Htt?'% = Httex1-103QP-EGFP) was
used (40). Induction of mutant Htt (Httex1-103QP-EGFP)
by treatment of PC12/HttY'% cells with ponasterone
resulted in the death of ~45% of the cells within 72 hr (40).
Treatment with fisetin at the time of Httex1-103QP
induction increased cell survival in a dose-dependent
manner with a maximal effect seen between 5 and
10 uM (39). Interestingly, treatment with 10 uM fisetin 24
hr after the induction of Httex1-103QP provided an equal
or greater amount of protection indicating that fisetin can
reduce the effects of Httex1-103QP already present in
cells and that the effect of fisetin was not on suppression
of Httex1-103QP synthesis. This latter conclusion was
confirmed by fluorescence microscopy where similar
numbers of EGFP-tagged Httex1-103QP aggregates
could be seen in both the untreated and fisetin-treated
cells.

Given the positive results with fisetin in the cell-
based assay, it was then tested in a mammalian model
of HD, the R6/2 mouse (39). This transgenic mouse
line expresses human mutant exon 1 of huntingtin
with a highly expanded repeat from the mouse Htt
promoter and has been widely used as a model for
testing novel therapeutic approaches to the treatment
of HD (e.g. 41, 42, 43). Since the overall goal was to
determine if oral administration of fisetin could be useful
for the treatment of HD, fisetin was fed to genotyped R6/2
mice and their wild type littermates in the food at 0.05%
beginning at ~6 weeks of age. The mice were tested on
the rotorod from ~7-13 weeks of age and survival was
followed. At the time of acquisition of the animals, rotorod
performance was already impaired in the R6/2 mice
as compared to their wild type littermates (Figure 3A).
However, the performance declined significantly more
rapidly in the animals on the control diet as compared to
those on the fisetin diet (Figure 3A). Similarly, as shown in
Figure 3B, while the median life span of the R6/2 mice on
the control diet was 104 days, that of fisetin-fed mice was
increased by ~30% to 139 days. These results indicate
that fisetin can reduce the impact of mutant huntingtin in
multiple models of HD suggesting that it might be useful
for the treatment of the disease.

4.3. Fisetin and stroke

Ischemic stroke is a devastating disease
representing the second leading cause of death in the
Western world and the leading cause of disability in
adults (44). Ischemic stroke occurs when the normal
blood supply to the brain is disrupted, usually due to
artery blockage by a blood clot, thereby depriving the
brain of oxygen and metabolic substrates and hindering
the removal of waste products (for review see 45).
Ischemic stroke is believed to evolve in distinct phases.
The initial ischemia results in immediate nerve cell
death followed by an inflammatory response leading to
secondary tissue damage after reperfusion (46). There is
good evidence that post-stroke inflammation contributes
to secondary tissue damage. The nerve cell damage and
death caused by cerebral ischemia results in functional
impairment including cognitive impairment or death (47).
Fisetin was first tested in an in vitro ischemia model that
was developed for the testing of compounds that might
have therapeutic value for the treatment of stroke (48).
This model utilizes the toxin iodoacetic acid (IAA), a
well-known, irreversible inhibitor of the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (49), in
combination with the mouse HT22 hippocampal nerve
cell line. The changes seen following IAA treatment of
nerve cells are very similar to changes that have been
seen in animal models of ischemic stroke, and include
alterations in membrane potential, breakdown of
phospholipids, loss of ATP and glutathione (GSH), and
an increase in reactive oxygen species (ROS). Fisetin
was very effective at protecting the nerve cells from IAA-
induced death with an E050 of 3 uM (48).
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Given these positive data, fisetin was then tested
in two different animal models of stroke. The rabbit small
clotembolism model (SCEM) is a rigorous stroke model that
recapitulates the initiating event in most cases of human
stroke. For the SCEM, a suspension of small blood clots is
injected into the carotid artery of a rabbit. To evaluate the
quantitative relationship between clot dose and behavioral
deficits, logistic S-shaped quantal analysis curves are
fitted to the dose-response data as originally described by
Waud (50) and adapted for stroke studies (51-55). A wide
range of clot doses is used resulting in behaviorally normal
and abnormal animals. In the absence of a neuroprotective
treatment regimen, small numbers of microclots cause no
grossly apparent neurologic dysfunction and large numbers
of microclots invariably cause encephalopathy or death.
Using a simple dichotomous rating system, each animal is
rated by a naive observer as either behaviorally normal or
abnormal 24 hr post-embolization. Using quantal analysis,
it is possible to detect behavioral changes following
pharmacological intervention. Aseparate curve is generated
for each treatment condition and a statistically significant
increase in the P50 value or the amount of microclots
that produce neurologic dysfunction in 50% of a group of
animals compared to control is indicative of a behavioral
improvement (51-55). To test the protective effect of fisetin
in this model, fisetin (50 mg/kg body weight) was injected
at 5 min after microclot injection and behavioral analysis
was conducted 24 hr after treatment. Fisetin significantly
(p<0.0.5) reduced stroke-induced behavioral deficits and
increased the P50 value from 1.06 + 0.15 mg in the control
group to 2.53 + 0.55 mg which directly correlated with an
increase in the number of animals that were behaviorally
“normal” (48).

Fisetin was also tested in the temporary middle
cerebral artery occlusion (tMCAO) stroke model (56).
Temporary middle cerebral artery occlusion was
induced in mice by the intraluminal flament method and
maintained for 60 minutes. Animals were either injected
intraperitoneally 20 min before or 180 min after the onset
of ischemia with fisetin (25 or 50 mg/kg body weight) or
placebo. A significant, dose-dependent protective effect
of fisetin on stroke size was observed. While animals
injected immediately before the onset of ischemia with 25
mg/kg of fisetin showed a trend towards smaller infarcts,
animals treated with the higher dose of fisetin (50 mg/kg)
had significantly smaller infarcts (placebo 56ul; 25mg/kg
fisetin 49ul; 50mg/kg fisetin 30pl; p<0.0.5). Even when
injected three hours after the onset of ischemia, 50 mg/kg
fisetin still retained its protective capabilities (placebo
42yl; fisetin 27ul; p<0.0.5). A strong trend toward earlier
recovery in both the low- and high-dose fisetin-treated
animals compared to placebo following both the pre- and
post-stroke treatment strategies was also seen.

4.4. Fisetin and depression
Although depression is not directly fatal, it is
a major cause of disease-related disability. Depression

is associated with both AD (57) and diabetes (58).
A recent study looked at the effects of fisetin in two
rodent models of depression: the tail suspension test
and the forced swim test (59). In both tests, depressive
behavior is indicated by the time that the animal remains
immobile with classical anti-depressants greatly reducing
the immobility time. Oral administration of fisetin
showed a dose dependent effect on immobility times
in both tests with 20 mg/kg body weight being the most
effective dose at reducing immobility time. The anti-
depressants imipramine and fluoxetine, administered by
intraperitoneal injection, were used as positive controls.
Further studies showed that the anti-depressant effects
of fisetin involved modulation of the serotonergic system
by reducing serotonin metabolism possibly through mild
inhibition of monoamine oxidase A, the enzyme that
metabolizes serotonin (59). Fisetin also appeared to
modulate the noradrenergic system and that may also
contribute to its anti-depressive effects.

4.5. Fisetin and diabetes

The complications of diabetes have historically
been thought to primarily affect the vasculature in tissues
such as heart, kidney, retina and peripheral nerves, but
may also have a major impact on the microvasculature
of the brain. Indeed, there is growing evidence that the
complications of diabetes extend to the CNS (60, 61)
and that both changes in the flux of glucose through
the glycolytic pathway and the glycation of proteins play
central roles in these complications (62, 63). There are
learning and memory deficits as well as additional CNS
pathology associated with diabetes (60, 61) and diabetes
is a risk factor for AD (64) and stroke (65).

The Ins2?*™@ mouse is a model of type 1
diabetes (66). The Akita spontaneous mutation is an
autosomal dominant mutation in the insulin Il gene. As
a consequence, Akita mice develop the pathological
characteristics of type 1 diabetes, including diabetic
nephropathy (67), neuropathy (68) and elevated anxiety
symptoms (69, 70). This model was used to determine
if fisetin could reduce the neurological complications of
diabetes (71). Four groups of male mice were studied,
2 groups each of wild type and Akita. Fisetin was fed to
one set of control and one set of Akita mice between
the ages of 6 and 24 weeks in their food at 0.05%,
resulting in a daily dose of approximately 25-40 mg/kg
body weight. Male Akita mice develop hyperglycemia by
4 weeks of age (72). Blood glucose was determined in
all animals at 12 weeks and again before sacrificing the
animals at 24 weeks. At this time, blood glucose and
HbA1c were significantly elevated in the Akita mice.
These changes were not affected by the presence of
fisetin in the diet. The Akita mice also showed significant
weight loss relative to their wild type counterparts and
this was also not altered by fisetin in the diet. Fisetin
had no effect on blood glucose and HbA1c levels in the
wild type mice.
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Figure 4. Fisetin reduces the neurological consequences of diabetes in Akita mice. Male Akita mice were fed control diet or fisetin (0.05%) for 18 weeks
beginning at 6 weeks of age. (A) large fiber function was tested by measuring motor nerve conduction velocity and (B) small fiber function was measured
by paw withdrawal to noxious heat. Diabetes-induced thermal MNCV slowing (A) and hypoalgesia (B) were ameliorated by fisetin treatment. All data
are mean + SD of n = 5-7/group. *(p < 0.05) indicates significantly different from wild type or Akita alone as determined by ANOVA followed by Tukey’s

post test.

Although cognitive impairment is associated
with long-term diabetes in humans (73) and is seen in
some mouse models of type 1 diabetes (74, 75), no
deficits in behavior in the Akita mice were seen using
the MWM, an assay of spatial learning and memory,
consistent with an earlier study (68). However, Akita mice
displayed significantly decreased locomotor activity in the
open field test coupled with a significantly increased time
of immobilization (69). These results were interpreted
as indicative of anxiety behavior, a CNS complication of
many patients with diabetes (70). However, Akita mice
fed fisetin showed a significant reduction in these anxiety-
related symptoms with both the distance traveled and
time ambulatory in the open field test restored to near
normal values (71). Fisetin had no effect on the behavior
of the wild type mice in the open field test.

Peripheral nerve dysfunction in the form of
diabetic neuropathy is a major complication of diabetes
that has a significant impact on the quality of life. To
assay the effects of fisetin on the development of
diabetic neuropathy in the Akita mice both motor nerve
conduction velocity and thermal latency, a measure
of sensory nerve function, were measured. Akita mice
showed a significant decrease in motor nerve conduction
velocity that was ameliorated by the presence of fisetin
in the diet (Figure 4A). Fisetin did not have a significant
effect on motor nerve conduction velocity in the wild type
mice. Akita mice also showed a statistically significant
increase in hind paw thermal latency (Figure 4B) that
was prevented by the presence of fisetin in the diet.
In contrast, there was no loss of intra-epidermal nerve
fibers (IENF) or sub-epidermal nerve plexi (SNP) in the
plantar foot skin of Akita mice and fisetin had no effect
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on these parameters in Akita mice (not shown). Fisetin
had no effect on hind paw thermal latency, paw skin
IENF or paw skin SNP in wild type mice. Together these
results suggest that the elements of diabetic neuropathy
measured in the Akita mice result from metabolic and/
or neurochemical changes rather than structural damage
to neurons. Nevertheless, fisetin was able to reduce the
impact of diabetes on peripheral nerve function in this
model. Whether it would also be effective in models of
diabetic neuropathy that display structural damage is
unclear.

5. MECHANISMS OF ACTION

5.1. Antioxidant and chelating activity

Although it is not entirely clear how relevant
the antioxidant activity of flavonoids as measured in test
tube assays is to their effects in vivo (76, 77), fisetin is
a relatively good antioxidant with a Trolox equivalent
antioxidant capacity (TEAC) value of ~3 (9, 78). Although
pro-oxidant effects of fisetin have been detected in test
tube assays, these are generally seen at high (* 50 yM)
concentrations (79, 80). In contrast, fisetin was found
to be a moderately effective scavenger of superoxide
radicals generated by xanthine/xanthine oxidase and
Fenton-mediated hydroxyl radicals generated by the
combination of ferrous-EDTA and hydrogen peroxide
with leos in the low (~3-5) micromolar range (81). In
addition, fisetin decreased ferrous sulfate/ascorbate
induced lipid peroxidation in liver microsomes at low
(1.35) micromolar concentrations (82). The latter
observations may be related to the efficient chelation
of iron by fisetin (83-85). Iron is a transition metal
meaning that it exhibits multiple oxidation states and is
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therefore redox active. While this property is critical to
many of its important biological functions, it also means
that it can generate ROS such as the highly reactive
hydroxyl radical via the Fenton reaction (86). There
is growing evidence that iron accumulates in the brain
with aging and may contribute to the development and/
or progression of age-related neurological diseases such
as AD (87-89). For example, a recent MRI study showed
that in AD, damage to the hippocampus, the region of the
brain that is important for memory, occurs in conjunction
with iron accumulation (90). Another MRI study showed
that brain iron accumulation was inversely associated
with age-related cognitive decline (i.e. more iron, less
memory) (91). Importantly, iron accumulation specifically
occurs in the areas of the brain impacted by AD (90).
Furthermore, iron chelators have shown beneficial effects
in animal models of AD (87-89) as well as some limited
positive results in human AD patients (87, 92). How iron
accumulation leads to nerve cell damage in AD is not
clear at this time. However, the age-related increase
in iron found in human, rat and mouse brains (93) was
associated with markers of oxidant-mediated damage.
Furthermore, iron can promote the accumulation and/or
aggregation of AP (88, 92, 94) and low levels of iron are
a potent catalyst of protein glycation (95). By chelating
iron, fisetin could effectively reduce all of these impacts
of age-dependent iron accumulation in the brain. Further
studies are needed to determine how effective fisetin
is at chelating iron in the brain in vivo and the role that
this plays in its multiple beneficial effects in age-related
neurological diseases.

5.2. Maintenance of GSH

The small molecule antioxidant GSH is a
tripeptide consisting of the amino acids glutamate,
glycine and cysteine. Cells contain up to millimolar
concentrations of GSH. Thus, GSH is one of the most
important small molecule antioxidants in somatic cells.
GSH and GSH-associated metabolism provide the major
line of defense for the protection of cells from oxidative
and other forms of toxic stress (for reviews see 96, 97).
In addition, as part of the major redox couple in cells,
GSH plays a central role in maintaining cellular redox
homeostasis (98). Consistent with the idea that higher
GSH levels are associated with cell survival, GSH
promotes the activity of proteins that maintain cell function
such as glutathione peroxidases (99), glyoxalase 1 (100),
glutathione S-transferases (101) and Bcl-2 (102) and
inhibits the activity of proteins that can promote nerve
cell death such as lipoxygenases (LOXs) (103, 104) and
cytosolic cytochrome C (105). Thus, maintenance of GSH
levels is developing as an important therapeutic target
both to reduce the impacts of aging (106) as well as in the
treatment of age-associated neurological diseases such
as AD and Parkinson’s disease (PD) (107, 108).

A fairly large number of studies have shown
age-dependent decreases in total GSH and/or reduced

GSH levels in the brain (for reviews see 108, 109, 110).
Importantly, a recent study using double-edited "H MRS
to look at GSH levels in the occipital cortex of healthy
young (20 yr) and elderly (77 yr) human subjects found
that GSH levels were decreased by ~30% in the elderly
subjects (111). This finding is of particular relevance with
respect to the alterations in cognition with aging and age-
related neurological diseases because multiple studies
have shown that transient decreases in GSH levels can
temporarily impair cognitive function, even in young
animals (112-114). Together these studies suggest that
acute decreases in GSH levels can impact aspects of
both learning and memory. Whether the decreases seen
during aging which may occur gradually over a prolonged
time period would also have the same effect is not clear
but might play a role in the deficits in cognitive function
seen with aging and disease.

One of the major transcription factors that
regulates GSH metabolism is the ubiquitously expressed
protein NF-E2-related factor 2 (Nrf2) (for reviews see
115, 116). Several key enzymes of GSH metabolism are
transcriptionally regulated by Nrf2 including the catalytic
and regulatory subunits of glutamate cysteine ligase (the
rate limiting enzyme for GSH synthesis), GSH synthase,
glutathione peroxidase 2, glutathione transferases, xCT
(the rate limiting subunit of the glutamate/cystine antiporter
system xc') and glutathione reductase (115, 117). A
second transcription factor, activating transcription factor
4 (ATF4), also plays a role in GSH metabolism (118, 119).
ATF4 regulates the transcription of a variety of genes
involved in amino acid import, GSH biosynthesis and
resistance to oxidative stress (118). ATF4 levels are
regulated mainly at the translational level by elF2o
phosphorylation via a mechanism that is dependent
on the unique 5 untranslated region of the ATF4
mRNA (120). Recent data (121) indicate that ATF4 plays
a key role in regulating basal GSH levels in neuronal and
non-neuronal cells, whereas Nrf2 appears to function as
a multiplier of ATF4 activity under conditions of oxidative
stress.

There is evidence that both Nrf2 and ATF4
decline with age (122-124). Comparing wild type and
Nrf2 knockout mice, it was shown that in skeletal
muscle, loss of Nrf2 had little impact on ROS or GSH
levels or the GSH/GSSG ratio in young mice (2 months)
but resulted in a significant increase in ROS and a
significant decrease in GSH and GSH/GSSG in elderly
mice (>24 months) (125). These changes correlated
with an enhancement of myocyte degeneration. Using
the reverse approach, it was found that primary skin
fibroblasts derived from long-lived Snell dwarf mice have
elevated levels of Nrf2 along with increased levels of
GSH. Although none of the studies with Nrf2 in aging
have looked at brain, similar changes are likely to occur
in the brain but further research is needed to confirm
this (126). Similar to Nrf2, the levels of ATF4 were found

© 1996-2015



Fisetin in neurological diseases

to decline with age (1 month vs > 18 months) in multiple
tissues in mice including both cerebral cortex and
cerebellum (127). Consistent with the decline in ATF4,
elF2a phosphorylation also decreased with age in the
same tissues.

Over the last 15 years, several in vitro models
that can be used to identify small molecules that are able to
maintain redox homeostasis in the presence of oxidative
stress have been developed in my laboratory. Indeed,
fisetin was first identified as a potential neuroprotective
compound (9) using one of these models, oxidative
glutamate toxicity (for review see 128).

How does fisetin maintain GSH levels?
Intracellular GSH levels are regulated by a complex
series of mechanisms that include substrate (mainly
cyst(e)ine) transport and availability, rates of synthesis
and regeneration, GSH utilization and GSH efflux to
extracellular compartment (96, 129). To date, the most
effective approaches for maintaining GSH levels in
the CNS include enhancing cyst(e)ine uptake both
directly and indirectly via transcriptional upregulation of
system x , increasing GSH synthesis via transcriptional
upregulation of the rate limiting enzyme in GSH
biosynthesis, and decreasing GSH utilization (97).

Recently, it was shown that fisetin increases the
levels of both Nrf2 and ATF4 in nerve cells in a dose-
and time-dependent manner (130). Furthermore, using
microarrays, it was found that Nrf2- or ATF4-regulated
genes constituted 4 of the top 5 hits of the over 34,000
named mouse genes probed. Under basal conditions,
both Nrf2 and ATF4 are very short-lived proteins with
reported half-lives of ~15 min (131) and ~10 min (121),
respectively. Fisetin was able to increase the half-
lives of both of these proteins ~2-fold but via distinct
mechanisms (130). Further studies showed that both
Nrf2 and ATF4 were essential for the effect of fisetin on
GSH levels (130). Treatment of mouse hippocampal
HT22 cells with siRNA to ATF4 decreased ATF4 protein
levels by ~75%. This resulted in an ~50% reduction in
the ability of fisetin to maintain cellular GSH levels under
both basal conditions and glutamate-induced oxidative
stress conditions (130). Treatment of HT22 cells with
siRNA to Nrf2 decreased Nrf2 levels by ~80%. While this
reduction had no effect on the ability of fisetin to maintain
GSH levels under basal conditions, it reduced by ~30%
the ability of fisetin to maintain GSH in the presence of
oxidative stress (130). Thus, fisetin induces two distinct
transcription factors, ATF4 and Nrf2, that play key roles
in regulating GSH levels. Under basal conditions, ATF4
is the more important but the two transcription factors
cooperate to increase GSH levels under oxidative stress
conditions.

Consistent with these in vitro results, a recent
study which looked at the ability of fisetin to protect

mice from aluminum chloride toxicity showed that oral
administration of fisetin at 15 mg/kg bw could greatly
reduce the loss of total GSH from both the cortex
and hippocampus (132). Similarly, in the study on
scopolamine-induced memory impairment in mice,
fisetin was able to prevent the loss of total GSH from the
cortex (34).

5.3. Neurotrophic factor signaling pathways

Neurotrophic factors play critical roles in
promoting the differentiation, survival and functional
maintenance of nerve cells. They are also key
players in synaptic plasticity (133), cognition and
memory formation (134-136). Changes in the levels of
neurotrophic factors and/or their receptors are implicated
in the pathophysiology of a variety of neurodegenerative
diseases including AD, HD, PD and amyotrophic lateral
sclerosis (ALS) (for reviews see 137, 138-140).

A key signaling pathway activated by many
neurotrophic factors is the Ras-ERK cascade (141).
Previously, it was shown that fisetin can activate the
Ras-ERK cascade in nerve cells (10) and that activation
of this signaling pathway is associated with the
neuroprotective, neurotrophic and cognition enhancing
effects of fisetin (21). More recently, it was found that
induction of ERK activation by fisetin was required
for neuroprotection in the PC12 model of HD (39)
(section 4.2.). Furthermore, in the AD mice treated with
fisetin (section 4.1.), increases in ERK phosphorylation
in the hippocampus that correlated with improvements
in behavior and reductions in neuropathology were
seen (18). Thus, fisetin is able to induce ERK activation
both in cell culture and in animals and thus may act as
at least a partial replacement for the loss of neurotrophic
factor signaling that occurs with aging and is exacerbated
in neurological diseases.

5.4. Regulation of the innate immune response

Chronic inflammation is a major feature of AD
as well as essentially all other neurological disorders
(for reviews see 142, 143-145). Microglia (brain
macrophages) are the resident immune cell population
of the CNS, comprising 5-10% of the total cell population
(for reviews see 146, 147, 148). Their presence can
have both beneficial and detrimental effects on the brain.
Recent studies suggest that activated microglia can exist
in at least two states: classically activated M1 microglia
and alternatively activated M2 microglia. Alternatively
activated M2 microglia play important, protective roles in
the CNS suchasremoving pathogens and promotingtissue
regeneration after injury. On the other hand, classically
activated M1 microglia are implicated in the pathogenesis
of a variety of neurological diseases including AD. M1
microglia produce a wide array of pro-inflammatory
and cytotoxic factors including cytokines, free radicals,
excitatory neurotransmitters and eicosanoids that may
work in concert to promote neurodegeneration. In the
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context of the AD brain, there are thought to be multiple
stimuli that generate an inflammatory response in the
microglia including Ap (145). Thus, inhibiting classically
activated M1 microglia is another important therapeutic
target for AD as well as other neurological diseases and
stroke.

Bacterial lipopolysaccharide (LPS) binds to
Toll-like receptor-4 on the surface of microglia and
induces classically activated M1 microglia. Using
the BV-2 microglial cell line, it was shown that fisetin
could reduce LPS-induced microglial activation and
neurotoxicity (149). Fisetin blocked LPS-induced nitric
oxide production, measured as accumulation of nitrite in
the culture medium, as well as LPS-induced increases in
the extracellular levels of the pro-inflammatory cytokine
tumor necrosis factor-o. (TNF-o. and the pro-inflammatory
prostaglandin PGE2 and increases in the expression
of the inducible nitric oxide synthase (iINOS) and
cyclooxygenase 2 (COX2) genes whose protein products
regulate nitric oxide and prostaglandin production,
respectively. Similar to the results obtained with other
types of cells treated with fisetin and LPS (81, 150), the
effects of fisetin on microglial activation appeared to
be at least partially mediated by the inhibition of LPS-
stimulated NF-xB activation. NF-xB is considered a
central regulator of inflammation and has been shown
to activate more than 500 genes, many of which are
involved in inflammation (151). NF-xB normally resides
in the cytoplasm of cells in an inactive form comprised
of three subunits: p65 and p50 and the inhibitory subunit
IkB. Signals that activate NF-xB cause the dissociation
of IkB from p50/p65 thereby allowing its translocation to
the nucleus where it binds to specific kB DNA consensus
sequences in the enhancer region of NF-xB responsive
genes. The levels of IkB are in turn regulated by the
IkB kinases (IKKs). In the human lung adenocarcinoma
cell line H1299, fisetin reduced both NF-kB-dependent
reporter gene expression and protein expression through
a mechanism that involved inhibition of the activation of
the IKKs (150). More recently, it was shown that fisetin
can suppress the activity of the NF-«B coactivator CBP/
p300 in human monocytes (152). Thus, fisetin may act
at multiple levels to block NF-xB activation and NF-xB-
induced gene expression.

Other pro-inflammatory signaling pathways
that have been shown to be suppressed by fisetin
in microglia include the c-jun-N-terminal kinase
(JNK) (56) and p38 mitogen activated kinase (p38
MAPK) pathways (149). The activation of the JNK and
p38 MAPK pathways contributes to pro-inflammatory
cytokine production (153, 154). A recent study showed
that in RAW264.7. macrophages, fisetin suppresses both
p38 MAPK and JNK activation by increasing the levels of
MAPK phosphatase-1 (MKP-1), an enzyme responsible
for p38 MAPK and JNK dephosphorylation (155).
Fisetin increases MKP-1 levels by a post-translational

mechanism involving the inhibition of its ubiquitination
and subsequent targeting to the proteasome (155).
Interestingly, it has been shown that ERK activation (see
section 5.3.) can promote MKP-1 stabilization via this
pathway (155).

Studies in my laboratory confirmed the effects
of fisetin on microglial activation in vitro and then were
extended to an analysis of the anti-inflammatory effects
of fisetin in the tMCAO model in mice (see section
4.3.) (56). Using mouse N9 microglial cells, the effects of
fisetin on LPS-induced nitric oxide and TNF-o production
were measured. Fisetin caused a significant inhibition
of both nitric oxide and TNF-a production compared to
placebo (56). To elucidate the underlying mechanism of
the anti-inflammatory actions of fisetin, the effects of fisetin
on several intracellular signal transduction pathways
implicated in inflammation including kB, JNK and its
target c-Jun were examined. Fisetin treatment of LPS-
stimulated murine microglia significantly reduced both IxB
and JNK phosphorylation as well as the phosphorylation
of the target of JNK, c-Jun, suggesting that fisetin directly
inhibits the intracellular signaling pathways induced by
pro-inflammatory cytokines. Downstream targets of these
transcription factors include pro-inflammatory cytokines
but also iINOS. Indeed, following LPS stimulation iNOS
expression was significantly reduced 91 £ 14% (p<0.0.01)
in microglial cells treated with 10 uM fisetin.

Next, the amount and composition of the
cerebral inflammatory infiltrate at day 3 after stroke were
analyzed (56). There were no significant differences in
the numbers of microglia in the ipsilesional hemispheres
of mice treated with fisetin (50 mg/kg body weight) or
placebo. In contrast, there was a significant decrease in
leukocytes infiltrating the brain in fisetin-treated mice (cells
per ischemic hemisphere; mean + SD; placebo 179,252
+ 23,389; fisetin 93,045 + 46,963; p=0.045). For further
analysis, leukocytes were subdivided into lymphocytes,
macrophages and dendritic cells (DC) based on the
expression of CD3, CD11b and CD11c, respectively.
Since similar absolute numbers of microglia were found in
placebo and fisetin-treated mice, the number of microglia
was used as an internal reference. Using this approach,
a significant decrease in the percentage of macrophages
(percentage of macrophages relative to microglia;
mean + SD; placebo 49 + 5.2; fisetin 12 £ 3.3; p=0.037)
and DC (percentage of DC relative to microglia; mean +
SD; placebo 23 + 0.65; fisetin 14 + 2.3; p=0.038) as well
as lymphocytes (percentage of lymphocytes relative to
microglia; mean + SD; placebo 5.7. £ 0.056; fisetin 3.3. £
0.207) was observed in the ischemic hemisphere of
fisetin-treated animals as compared to placebo.

While the number of cells infiltrating the brain
could simply be a function of chemotaxis, which is
influenced by the extent of tissue damage, the activation
status of these cells likely identifies cells primed to
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damage additional brain tissue. Therefore, the activation
profile of brain resident microglia, infiltrating macrophages
and DC was analyzed by flow cytometry of whole brain
homogenates three days after stroke. A substantial
suppression of intracellular TNF-o production in
macrophages in fisetin treated mice at day 3 (placebo
24.6%; fisetin 2.9%) and to a lesser degree at day 7
(placebo 33.8%; fisetin 13.9%) was found. A similar
but smaller effect was observed for DC. In addition, a
reduction in TNF-a producing microglia at day 3 which
was no longer detectable at day 7 (day 3: placebo 30.4%;
fisetin 17.3%; day 7: placebo 31.9%; fisetin 26.8%)
was also observed. In contrast, macrophages and DCs
isolated from spleen from the same mice did not show
any differences in TNF-o. production between fisetin-
treated and placebo-treated mice either at day 3 or at
day 7 post ischemia. Thus, the reduced post-ischemic
inflammation was not merely due to a lack of chemotaxis
but also to a reduction in the activation of macrophages
and microglia in vivo as shown by the decrease in TNF-o..
Importantly, residual effects of a single fisetin injection on
immune cell activation were still detectable seven days
after stroke. Moreover, the observation that fisetin applied
three hours after the onset of ischemia is still protective
strongly argues in favor of a relevant role for fisetin’s anti-
inflammatory effects in vivo.

Further evidence for in vivo anti-inflammatory
effects of fisetin was obtained in the studies on fisetin
in AD (section 4.1.). Both microglia and astrocytes are
activated in AD and their activation is implicated in
the loss of nerve cell function (156). For example, the
activation of astrocytes results not only in the production
of pro-inflammatory cytokines but also in a decrease in
their normal role as guardians of nerve cell function (157).
Increased levels of glial fibrillary acidic protein (GFAP)
are a marker of astrocyte activation. While AD had no
effect on the number of astrocytes in the hippocampus, it
significantly increased both their area and the intensity of
GFAP staining and these alterations were largely reversed
by fisetin treatment (18). A fisetin-dependent reduction in
GFAP levels was also seen in the hippocampus of the AD
mice by Western blotting (18).

Together, these results indicate that fisetin has
anti-inflammatory activity on microglia and astrocytes
both in vitro and in vivo and therefore might be effective
in a variety of conditions involving the dysregulation of
the immune system in the brain.

To further elucidate the effects of fisetin on
inflammation in vivo, a detailed analysis of eicosanoid
production in the wild type and AD mice with and without
fisetin treatment (section 4.1.) was conducted using liquid
chromatography tandem mass spectrometry (18). This
approach generated global profiles consisting of over
160 individual eicosanoids many of which were altered
in AD and after fisetin treatment. Eicosanoids are a class
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of bioactive lipid mediators derived from the metabolism
of polyunsaturated fatty acids, namely arachidonic acid
(AA), by COXs, lipoxygenases (LOXs), cytochrome P450s
and non-enzymatic pathways (158). They are known to
be potent endogenous regulators of the inflammatory
response in the periphery but are much less well studied
in the brain. AD increased the production of the pro-
inflammatory thromboxanes TXB1 and TXB2 and this
was partly prevented by fisetin (18). The thromboxane
pathway is implicated in platelet aggregation, adhesion
and vascular contraction during inflammation (159). This
is of relevance given the pro-thrombotic effect of TX's and
the link between thrombosis and vascular pathology in
AD (160). On the other hand, fisetin increased production
of prostaglandin D2 (PGDZ) and its non-enzymatic
anti-inflammatory products prostaglandin J2 (PGJZ)
and 15-deoxy-PGD, (15d-PGD,). This is of particular
interest because these prostaglandins have potent anti-
inflammatory effects in brain microglia (161) including
down regulation of iINOS, a known effect of fisetin (56).
Historically, F’GD2 was regarded as a pro-inflammatory
mediator but a potentially anti-inflammatory role is now
also recognized (162).

Lipoxygenases (LOXs) metabolize 20-carbon
unsaturated fatty acids such as arachidonic acid, which
are produced from membrane phospholipids by the
action of phospholipases, to eicosanoids, including
hydroxyperoxyeicosatetraenoic acids (HPETEsS),
hydroxyeicosatetraenoic acids (HETEs) and leukotienes.
(for review see 163) The LOXs are dioxygenases that
incorporate molecular oxygen into specific positions of
arachidonic acid and can be distinguished on the basis of
the site of oxygen insertion. 5-LOX, 12-LOX and 15-LOX
are all expressed in the brain. There is good evidence
that both 5-LOX and 12-LOX contribute to the nerve cell
loss seen in several neurological disorders. For example,
12-LOX activation plays an important role in the nerve cell
death induced by GSH depletion (103, 164-166). 12-LOX
was also shown to be increased in AD (167) and 12-LOX
inhibition protected cortical neurons from Ap-induced
death (168). In addition, the expression and activity of
5-LOX is specifically increased in the hippocampus with
age (169). Using a double transgenic mouse model
generated by crossing 5-LOX deficient mice with the
Tg2576 mouse model of AD, it was shown that loss of
5-LOX reduced the AP burden in the brains of the mice
by 64-80% suggesting that inhibition of 5-LOX also might
have benefits in AD (170).

In earlier studies, fisetin was found to be an
effective inhibitor of 12-LOX activity in the fish gill (171),
5-LOX activity in stimulated peritoneal leukocytes (172)
and 15-LOX activity in rabbit reticulocytes (173). As
shown in Table 2, these studies were confirmed and
extended in my laboratory. Fisetin inhibits 12-LOX
from human platelets with an IC50 of 0.14 pyM, 5-LOX
from human peripheral blood mononuclear leukocytes
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Table 2. Fisetin is a Pan-LOX inhibitor

Enzyme Source Fisetin IC
5-LOX Human PBML 0.58 uM
12-LOX Human platelets 0.13 uM
15-LOX Rabbit reticulocytes 0.34 yM
COX1 Human platelets >10 uM
COX2 Human recombinant >10 uM

Dose response curves were done with fisetin under standard
conditions using the indicated cell types and the ICso values are
presented. PBML: peripheral blood mononuclear leukocytes

(PBML) with an IC, of 0.585 uM and 15-LOX from rabbit
reticulocytes with an IC_. of 0.341 uM. In all cases, the
IC_., values for fisetin are as good or better than those of
known LOX inhibitors. In contrast, fisetin has no effect on
COX activity (Table 2). Since LOXs are non-heme iron
enzymes (174), at least part of the inhibitory effects of
fisetin on LOX activity may be due to its ability to chelate
iron. Indeed, other iron chelators have been shown to
inhibit LOXs (175). Importantly, in the mouse model of AD,
fisetin was found to significantly reduce the levels of pro-
inflammatory 5-hydroxyeicosatetraenoic acid (5-HETE)
and 12-hydroxyeicosatetraenoic acid (12-HETE), the
primary metabolites of 5-LOX and 12-LOX, respectively,
in the brains of the AD mice (18). These results clearly
indicate that fisetin is able to inhibit both 5-LOX and
12-LOX not only in vitro but in vivo as well, at least in the
context of AD.

These results suggest that an important activity
of fisetin in the brain in the context of age-associated
neurological diseases is the inhibition of LOX activity.
This action may contribute to both the neuroprotective
and anti-inflammatory effects of fisetin and thereby
promote the functional maintenance of the CNS.

5.5. Modulation of protein aggregation and
stability

Two reports showed that fisetin can inhibit A
fibril formation in a cell-free assay system (176, 177).
One of these studies (176) also showed that fisetin
prevents extracellular A toxicity in the HT22 cells. Since
Ap is thought to play a key role in the nerve cell loss
that is the hallmark of AD, these results suggested that
fisetin might be able to reduce the burden of Af through
multiple mechanisms, including inhibition of aggregation
and enhancement of degradation.

However, these in vitro results were not
supported by the studies on AD mice (18). No significant
differences in AP plaque loads in sections of brains from
control AD and fisetin-fed AD mice were found. Ap levels
were also examined in the radioimmunoprecipitation
assay buffer (RIPA) insoluble (100,000 x g pellet) and
soluble (RIPA supernatant) fractions of the hippocampi

of fisetin-fed and control AD mice. Neither AB, ,, nor
A[31_42 levels, as measured by ELISA, were altered in the
RIPA insoluble fraction in the animals fed fisetin relative
to untreated animals. However, fisetin treatment did
significantly reduce the levels of AR, ,, but not AB, ,, in
the RIPA soluble fraction. Thus, it appears that the major
in vivo effects of fisetin do not involve inhibition of A
aggregation or accumulation.

The ubiquitin-proteasome pathway mediates
the majority of the proteolysis seen in the cytoplasm and
nucleus of mammalian cells. As such it plays an important
role in the regulation of a variety of physiological and
pathophysiological processes (for reviews see 178,
179). Several studies have shown that there is a specific
decrease in proteasome activity in the hippocampus,
cortex, striatum, globus pallidus and substantia nigra with
aging in rodents (180, 181). In contrast, little or no change
in proteasome activity is seen in the cerebellum and brain
stem. These findings are consistent with studies that have
shown that proteasome activity is decreased in a variety
of age-associated neurological diseases including AD,
PD and ALS (182-184) and may contribute to disease
progression. Interestingly, fisetin was shown to increase
proteasome activity and this action may also contribute to
some of its neuroprotective effects (185).

6. METABOLISM OF FISETIN

Flavonoids are known to be extensively
metabolized following oral consumption resulting in
glucuronidated, sulfated and methylated metabolites
(for reviews see 186, 187). The metabolism of fisetin
was first characterized in rats following intravenous
and oral administration (188). Following both types
of administration, the levels of free fisetin in serum
declined within minutes (t1/2= 2.7 min) while the levels
of sulfated/glucuronidated fisetin increased. Following
oral administration at 50 mg/kg body weight, the serum
concentration of fisetin sulfates/glucuronides was
maintained at ~10 uM for >24 hr. These results are in
sharp contrast to those obtained for 5 OH and 7 OH
flavones (188) and baicalein (189) where the levels of
free and conjugated flavonoid never exceeded 1 pM
following oral administration. When tested in an assay
for antioxidant activity, the fisetin sulfates/glucuronides
showed somewhat reduced but still significant activity as
compared to free fisetin (188). This resultis consistent with
a study on the effects of glucuronidation on the ability of
several different flavonoids to protect nerve and lymphoid
cells from oxidative stress-induced death (190). Although
the flavonoid glucuronides had generally higher ECSOS for
protection as compared to their unmodified parent, they
still showed excellent activity. Furthermore, circulating
flavonoid sulfates/glucuronides can be cleaved to the free
form in a tissue-specific manner if there is a local release
of B-glucuronidases and/or sulfatases (187). In addition,
sulfated flavonoids have been shown to have biological
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Figure 5. Fisetin affects multiple pathways implicated in brain aging
and age-associated diseases. As discussed in this article, fisetin can
increase brain cell function and survival through maintenance of redox
homeostasis, activating neurotrophic factor signaling pathways and
inhibiting inflammatory responses. Fisetin can also enhance cognitive
function and in some cases, modulate proteasome activity. Therefore, it
has the potential to act as a multi-factorial therapeutic for reducing the
decline in brain function associated with age-associated neurological
diseases.

Inflammation

Table 3. Current treatments for neurological
diseases for which Fisetin might have clinical use

Disease Current treatments

Alzheimer's | Short term symptomatic treatment only: cholinesterase

disease inhibitors and memantine (NMDA receptor antagonist)

Huntington’s [ Short term symptomatic treatment only: anti-psychotics;

disease anti-depressants; mood stabilizers

Ischemic Tissue plasminogen activator (only useful up to 3 hr

stroke after a stroke)

Depression Anti-depressants (selective serotonin uptake inhibitors;
atypical anti-depressants; tricyclic anti-depressants;
monoamine oxidase inhibitors)

Diabetic Anti-seizure medications; anti-depressants; opioid

neuropathy analgesics

activity (191). In the mouse, following intravenous
administration of fisetin at 223 mg/kg body weight, free
fisetin was detected in the serum for several hours
(t,,=3.12 hr) (192). Significant accumulation of fisetin
and its metabolites in multiple tissues was also seen. The
main metabolites were glucuronidated fisetin, geraldol
(3,4',7-trihydroxy-3’-methoxyflavone) and glucuronidated
geraldol. Interestingly, geraldol was as active as fisetin
in several biological assays. In contrast, following oral
administration of fisetin to mice at 50 mg/kg body weight,
my laboratory obtained results very similar to those seen
with the rat. A very short half-life for free fisetin but a long
half-life (>8 hr) for sulfated/glucuronidated fisetin was
observed (unpublished results).

There is an ongoing debate about whether
flavonoids such as fisetin can reach levels in the brain
that are sufficient to affect brain function. As described

above (section 4), multiple laboratories have shown that
oral administration of fisetin is able to affect brain function
in vivo. Whether this is a direct effect of the unmodified
fisetin molecule remains to be determined. Importantly,
my laboratory recently found that sulfated and/or
glucuronidated forms of fisetin reach concentrations of
30 uM in the cerebrospinal fluid with a plasma half life of
8 hrin macaques fed a single oral dose of 25 mg/kg body
weight (unpublished results).

7. TOXICITY

Off-target effects that can contribute to toxicity
are certainly a concern for any potential therapeutic.
However, in the case of fisetin, there is no evidence for
either short-orlong-termtoxicity. Inashort-termstudy done
by an outside laboratory, mice were orally administered
2000 mg/kg body weight of fisetin, examined for 48 hr and
sacrificed. No indications of toxicity were observed. The
effects of long-term feeding of fisetin on health were also
evaluated (18). No significant differences in body weights
were seen between control and fisetin-fed animals given
fisetin at 0.0.5% in their diets for 9 months (~25 mg/kg
body weight). Following sacrifice, multiple tissues (lungs,
spleen, liver, kidneys, heart, stomach, intestine, testes
and ovary) were examined using standard toxicological
pathology criteria and no toxicity was associated with
fisetin treatment. Furthermore, fisetin was negative in
the Ames test. In addition, fisetin showed no inhibition
of hERG activity at concentrations up to 10 uM, the
highest concentration tested (unpublished results).
It also showed no inhibitory effects on the activities of
cytochrome P450s 3A4, 2C9 and 2D6 at concentrations
up to 10 uM (unpublished results). Thus, at the present
time, there is no indication of fisetin toxicity from either in
vitro or in vivo tests.

8. SUMMARY AND PERSPECTIVE

As discussed above, fisetin has positive effects
on a number of common pathways associated with
age-associated neurological diseases (Figure 5). While
the precise relationships among the pleiotropic effects
of fisetin on the cells of the brain are currently under
investigation, this combination of actions suggests that
fisetin has the potential to maintain brain function even in
the presence of the diverse factors that contribute to the
development of age-associated neurological diseases
(Table 1). Importantly, multiple studies in animal models
suggest that fisetin can reduce the impact of age-related
neurological diseases, especially those associated with
cognitive deficits such as AD. Moreover, many of these
diseases do not currently have effective treatments
(Table 3). These observations, in combination with the
lack of any indication of toxicity, strongly suggest that
fisetin might be useful in the clinic. However, because it is
a natural product, it is very difficult to obtain the financial
support needed to pursue the necessary studies.
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